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Abstract 
This paper explores the uses of Agent Based Models (ABM) and its potential to test large scale evacuation strategies 
in coastal cities under threat of an imminent flooding due to extreme hydro-meteorological events. The first part of 
the paper is an introduction to the field of complex adaptive systems (CAS) and the principles and uses of ABM in 
this field. It is also presented the benefits and limitations of such models. The second part of the paper focuses on 
the theory used to build the ABM. For this study, theories and frameworks of human behaviour and disaster 
psychology were used. To feed the ABM model qualitative and quantitative attributes or characteristics of human 
beings are abstracted from literature review, fieldwork and expert’s knowledge. The third part of the paper shows 
the methodology used to build and implement the ABM model using Repast Symphony, a Java based modelling 
system. The results of the initial experiments implemented in a region of the city of Marbella, southern Spain, are 
presented and discussed.  The preliminary results are promising to further enhance the development of the model 
and its implementation and testing at full city scale. 
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1. Introduction 
In a changing climate, natural disasters and extreme weather events such as storms, storm surges, flash floods, 
heat waves, and droughts, are estimated to increase in severity and may also increase in frequency [1]. Among the 
events associated with changes in climate, urban and coastal flooding is one of the most severe in terms of economic 
damages, health impacts and loss of life and is a growing challenge for the development and sustainability of coastal 
cities [2]. In addition the rapid and often unplanned expansion of cities is exposing more people and economic assets 
to flood risk disasters and it is projected that this trend will continue on the near future. 
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The situation described above presents a large and evolving challenge that requires more active engagement and 
innovative solutions by policy makers to better understand and to have a more effective management of existing and 
future flood risks. Current practices for flood risk management can be seen as Integrated Risk Management 
approaches. These methods work by integrating tools, methods and resources, but they do not necessarily seek to 
understand the interactions, interrelatedness and interdependences between different processes that can lead to the 
formation and propagation of risk in the urban system as a whole. Neglecting these connections or 
interdependencies can reduce the understanding of the key components of the formation of risk, and therefore limit 
the ability to solve the problem of urban flooding [3].  Therefore, it is necessary to incorporate new theories and 
approaches to tackle the challenge of assessing risk. A holistic approach seems to be the answer for this challenge, 
where the whole system and its parts are analyzed together as a better alternative to deal with floods and reduce its 
consequences. 
1.1. Complex Adaptive Systems (CAS). 
As a conclusion from the previous section it seems clear that new theories and method are needed in order to 
assess risk from a holistic point of view. The latest knowledge of Complex Adaptive System (CAS) theory and 
Agent-Based Models (ABM) can be used to undertake this challenge. Having in mind that risk emerges (or co-
evolves) from actions and interactions within and between human systems and the natural environment, CAS is a 
good frame because it allows us to take into account diverse domain knowledge, theories and tools, which can be of 
conceptual, qualitative and quantitative character [4]. 
Complexity theory is a relatively new field that began in the mid-1980s at the Santa Fe Institute in New Mexico. 
The work at the Santa Fe Institute is usually presented as the study of Complex Adaptive Systems (CAS) [5]. The 
definition of CAS as cited in [6], by John H. Holland defines CAS is as follows 
: 
“[...] a dynamic network of many agents (which may represent cells, species, individuals, firms, nations) acting in 
parallel, constantly acting and reacting to what the other agents are doing. The control of complex adaptive systems 
tends to be highly dispersed and decentralised. If there is to be any coherent behaviour in the system, it has to arise 
from competition and cooperation among the agents themselves. The overall behaviour of the system is the result of 
a huge number of decisions made every moment by many individual agents” 
 
1.2. Agent Based Models (ABM) 
From the above definition and based on the work of Borshchev and Filipov [7], Agent Based Models are 
considered to be the most suitable tool for modelling CAS, the main arguments for this assertion are:  1. ABM 
enables the capture of more complex structures and dynamics, 2. They provide for the construction of models in the 
absence of knowledge about the global interdependencies and 3. Agent-based modeling is most suitable when the 
system to be studied exhibits adaptive behavior [8] 
Agent-Based Models are founded on the notion that the whole of many systems or organizations is greater than 
the simple sum of its constituent parts. To manage such systems, the systems or organizations must be understood as 
collections of interacting components. Each of these components has its own rules and responsibilities [9]. 
A good description of how ABM should work is presented in [10]. ABM is defined as models that contain 
multiple, interacting agents situated within a model or simulation environment. A relationship between agents must 
be specified, linking agents to other agents and/or other entities within the system (environment). Relationships may 
be specified in a variety of ways, from simply reactive, to goal-directed and so on. In addition, the behaviour of 
agents can be scheduled to take place at the same time or not simultaneous. In addition, a good ABM also needs to 
define the environment or the space in which agents operate, serving to support their interaction with the 
environment and to other agents. Basically, an ABM consists of four elements: the set of agents; the set of agent's 
relationships, methods of interaction, and the agents’ environment [11]. 
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Regarding the benefits of using ABM or models where agents adapt their behaviour based on experience, they 
are very useful in the exploration of complex adaptive social systems. From a modelling perspective, the use of 
adaptive agents provides a means by which to create models that can explore new domains of agent behaviour that 
transcend the usual bounds imposed by the modeller [5]. All the previous reasons justify the use of ABM to explore 
multiple scenarios of city evacuation under a flood event. 
1.3. Agent Based Models and Evacuation 
In recent years ABMs have gained popularity in the water-related sciences. The adaptability of ABM in the water 
sector goes from studies on water demand, water and ecosystems management, human behaviour and disaster risk 
management, up to policy implementation and environmental resource use. From this wide range of application, 
human behaviour and disaster risk management are directly included in the scope of this paper and some related 
papers are summarized in the next paragraphs. 
In the field of flood risk management [12], presents a novel approach for modelling human behaviour and 
response to a flood incident in the city of Towyn in the UK with the aim of providing new insights which can be 
used for policy analysis and other practical applications. A computerized simulation model for capturing human 
behaviour during flood emergency evacuation and emergency planning is presented in [13]. In their work the model 
simulates the acceptance of evacuation orders by the residents of the area under threat, the number of families in the 
process of evacuation, and the time required for all evacuees to reach safety. The main purpose of this model was to 
assess the effectiveness of different flood emergency management procedures. In a similar work [14] coupled a 
flood hydrodynamic model with a crowd escape model for experimenting with different evacuation strategies in an 
area in St. Petersburg, Russia. 
An ABM to model crowd behaviour [15] shows how this kind of models can be used for Tsunami evacuation. In 
this study the author wanted to prove that by simulating a tsunami evacuation of a beach community, city 
administrators can improve evacuation plans and thus reduce casualties during a tsunami. 
 
2. Methodology  
This section aims to present the methodology used to set up the Agent Based Model used in the research to test 
multiple evacuation scenarios; here the framework used to represent human behavior is presented as well as some of 
the main assumptions and characteristics of the model. The final part of the section describes the software and 
hardware used to perform the simulations. 
2.1. Modelling Human Behaviour 
Some general rules that must be considered when building an Agent Based Model (ABM) to be used as an 
evacuation and testing environment are: First, the ABM should be able to have a proper representation of human’s 
cognition ability. Second, the ABM model must properly capture the daily and complex human interaction and 
movement across the city and third be able to change the behaviour accordingly with the human perception and 
warning information of a certain threat or flood risk. To comply with the general aspects listed in the above 
paragraph, the following are the steps used to set up the Agent Based Model: 
 
1. Agent Identification: The first step was to define the agents to be considered within the model, here two 
major distinction were made. The first type of agents in the model are individuals, with every agent 
representing a human in the model. The second type of agents were organizations: Those responsible for 
city evacuation such as Civil defence, police, firefighters, etc.; Also the warning forecast and 
communication agencies were modelled as organizational agents (i.e. weather forecast institutions). See 
Figure 1 
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Fig. 1. Agent and Environment General Characterization. 
 
2. Agent’s Classification: The next step in the ABM implementation was to classify or to group the different 
type of agents, this is a major step since the agents need to be grouped according with the expected behaviours 
during the different phases of a flood disaster, for this research three major phases are considered: Before, warning 
and during disaster1. Table 1 presents the main characteristics used to classify the individual agents, where both: 
subjective and objective characteristics were used. 
In the same way and based on the grouping process reported in Table 1 a possible set of actions was created in 
order to assign them to the individual agents once the warning is sent to the community and/or the agents are aware 
of the danger associated with the flood. The initial set of actions is presented in Table 2. 
For the Organization’s agents they were grouped based on their role during the disaster phases used in the 
research as follows: 1. Organizations in charge of the forecast of the flood. 2. Organizations in charge of warning 
information and 3. Organizations in charge of the evacuation itself. 
 
     Table 1. Main Characteristics used to classify Individual Agents. 
Type of Parameter Parameter 
Objective Parameters 
Age 
Gender 
Employment Status 
Financial Resources 
Mobility 
Language Abilities 
 
 
Type of Parameter Parameter 
Subjective Parameters 
Awareness 
Education Level 
Flood risk perception 
Willingness to Follow orders 
Altruism/Willingness to help others 
Resilience / Adaptability 
Access to Information 
 
 
 
 
 
 
1
 The post disaster or recovery phase wad excluded from the scope of this research. 
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     Table 2. Actions of individuals for the Individual Agents. 
Action Observation 
Evacuation Planned and Organized, Follow instructions. 
Fight Prepare in situ 
Flight Random Evacuation (not follow orders) 
Sideration2 Inability to respond 
Search Relatives Wife, children, parents, etc. 
Return home or work place Feel safe in these places and stay there. 
Assist Others The agent becomes an organization actor. 
Antisocial Behaviour Panic, looting, etc. 
3. Environment Characterization: The environment classification in the context of this ABM refers to the 
definition of which elements are part of the physical space in a city (i.e. buildings, roads, etc.) and also it was set up 
the tasks, this is how agents interact with the environment and how agents interact among them. See Figure 1. 
 
4. Model Formalization and parameterisation: This step corresponds to define in the ABM model, WHO 
does WHAT and WHEN. A combination of narrative rules and flow charts were used to specify these three 
questions in the ABM implementation, in other words this step aims to specify for each agent (WHO), the actions to 
perform (WHAT) at any specific timeframe (WHEN). To illustrate this part of the research, it is presented in Figure 
2 the flow chart used to describe the daily behavioural pattern or routine per individual agents before a flood is 
forecasted (before phase). From this figure, every agent must first “Wake up” and start its normal daily routine. 
Using data collected from previous reports in the case study as well as some fieldwork in cooperation with the local 
authorities, probability functions were parametrised into the ABM for each type of individual agent to perform 
certain activity describe in the mentioned figure during the different time steps of the model. It is worth to mention 
that the probability will vary according with the day of the week/weekend and also the time of each day of the 
simulation, trying to simulate or represent as “real” as possible the location of agents in space when the flood event 
is unfolding. 
Similar formalization was used with other components of the ABM such as the metrics to account for the loss of 
life, the daily behaviour of organizations, and more important the cognitive behaviour (Numeral 5 presents the 
specification of the last one). 
Fig. 2. Model Formalization – Daily Routine for Individual Agents  
 
 
2
 The sideration term within this research is defined as the inability to respond from the psychological perspective 
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5. Cognitive Behaviour Model: The core of this research is the implementation of cognitive behaviour into 
the ABM to allow the agents to react in a “human” like manner to flood warning information. Human behaviour 
during emergencies can be influenced by physical, emotional, cognitive and social factors and their interactions. 
PECS3 reference model [16] was selected in this research because it allows the possibility to specify and model 
these 4 factors.  The PECS reference model intends to support the design process of agent-based simulation models 
in which individual human behaviour and decision making, interactions between individuals as well as interactions 
of individuals with their environment are in the centre of interest. Therefore these reference model provides a 
concept for the construction of agents, a communication infrastructure and an environment component. 
The PECS reference model internal structure is presented in Figure 3. Basically, this structure is composed by a 
sensor and perception component that allow the agent to sense and perceive data from the environment as well from 
other agents in the system. The central part of the PECS structure is used to describe the state of the agent regarding 
the physical, the emotions, cognition and social status of each agent. Finally, the bottom part is intended to provide 
the response or behaviour of the agent given the perception and state of the agent at certain time of the simulation. 
 
Fig. 3. Internal structure of PECS reference model (from [16]). 
By using the PECS reference model, it was possible to assign to each individual agent in the ABM model a 
different response to the flood evacuation scenarios performed in this research. The response for each agent was 
built based on the different combination of parameters listed in Table 1 and the possible set of action based on those 
reported in Table 2. 
 
2.2. Software and Requirements 
For the implementation of the Agent Based Model, Repast4 Symphony was chosen as a Java base, free and open 
source modeling system for creating, running, displaying and collecting data from Agent Based Simulations. It was 
chosen due to its robustness as an ABM platform and it is currently considered the most powerful and popular free 
and open source environment to implement ABMs5. It also have a huge support from the online community and 
repast forums and its implementation is fully object oriented that allows the implementation much easier and allows 
the researcher to implement any ABM in blocks and make a modular and adaptable model. 
 
 
3
 PECS stands for: P: Physical, E: Emotions, C: Cognitive abilities and S: Social 
4
 Repast: Recursive Porous Agent Simulation Toolkit 
5
 To date and based on the knowledge of the research team 
PERCEPTION SENSOR
BEHAVIOUR
Social Status
Z F
Cognition
Z F
Emotion
Z F
Physis
Z F
ACTOR
Z: State Causal Dependencies
F: State Transition Function Information Flow
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 The version used was Repast Symphony 2.3.1 running under Windows 7 Professional, 64-bit operating System 
on a laptop with an Intel Core i7 processor and CPU @ 2.4GHz with 16 GB of RAM memory. 
3. Preliminary Results 
As mentioned before the evacuation ABM model was tested in a small region of Marbella city in Spain, a total of 
200 agents were initialized using the residential buildings layer. The model was set up to run for an entire week 
from Monday to Monday and as a start of the simulation it was selected 06:00 hrs. Initially, the agents select the 
destination and start its movement towards it, the destination is chosen based on the individual’s grouping (Table 1) 
and according with the time of the day and the day itself they start the daily routine (Figure 2), going from home to 
work, leisure, school and so on. Into the ABM a wave that flooded a region of the city was introduced to test the 
evacuation capabilities of the agents. This wave was synthetically created and does NOT represent a real 
hydrodynamic model. The wave was created by increasing artificially the water depth (and therefore extent), up to 
the point it guaranteed that the water could reach and flood certain region of the city, it is important to remark that is 
not a feasible flood scenario and it was used only for testing purposes. Figure 4 (a) presents the initial model running 
and (b) shows the flood coming into the city. 
 
  
(a) (b) 
Fig. 4. (a) Initial ABM model; (b) ABM with the flood. 
4. Conclusions and Future Work. 
This paper explores and demonstrated the feasibility of using ABM to test large scale city evacuations due to 
natural disasters (i.e. Floods), and to used it to test different evacuation strategies and has the potential of becoming 
a powerful tool for operational risk management purposes such as: Determination of evacuation patterns, 
identification of critical infrastructure, can be used to identify the need to improve existing emergency locations (i.e. 
number of beds, food storage, etc). This ABM has also huge potential to test different communication strategies 
before and during the flooding event is occurring, to test the effects of warning lead time, the effects of formal and 
informal communication in the overall performance of an evacuation, etc. 
 
The preliminary results presented here are part of an ongoing effort to enhance the preparedness of European 
cities at coast location, and are far from completed. The next steps in the research  is to develop further the ABM 
including more detail and complex cognition model in order to adjust the behavior even more to a real scenario. The 
ABM model will be also expanded to a full scale city and more dissemination warnings will be tested in order to 
gain more insights on evacuation processes to help planner, decision makers and authorities to improve the 
emergency plans for real cities and to have a final effect on saving lives due to floods in Coastal cities. 
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